Until the 1 980s the diagnosis of specific etiologic agents of infectious diseases rested with their isolation in vitro and identification by analysis of their phenotypic characteristics. In the 1970s the concept of a microbial species evolved from phenotypic analysis to nucleic acid homology. Currently, nucleic acid sequences specific for a given species are being isolated and amplified and utilized not only to identify the pathogen after it has been grown in vitro but also elucidate it directly in biological material. The procedures for making nucleic acid hybridization probes are analogous to the generation of monoclonal antibody tests. Currently, research and development are centered in choosing the particular nucleic acid to analyze, establishing the most efficient vector system for amplifying the nucleic acid, generating an efficient means of selecting the particular nucleic acid fragment specific for the microorganism, and in measuring the hybridization reaction. While immunological techniques have been utilized in the clinical laboratory for over thirty years, the means of detecting nucleic acid hybridization reactions are just beginning to be usable in the clinical diagnostic laboratory. Much of nucleic acid hybridization research is proprietary, and a particular challenge is to develop a means whereby information can be used for the progress of science as a whole when generated by private ownership.
THEORETICAL BASIS OF NUCLEIC ACID HYBRIDIZATION
The chemical basis for nucleic acid hybridization assays rests in the reversible helix-coil transition of the nucleic acid molecule. Nucleic acids will associate as double-stranded molecules or disassociate into single-stranded polymers conditioned on the physico-chemical parameters of temperature, base pair composition [1] , ionic strength of the milieu [2] , and the concentration of denaturing agents [3] . The conditions which permit us to manipulate the association and disassociation of the nucleic acid polymer strands are being intensely investigated in order to develop nucleic acid hybridization (NA hybridization) probes that can be applied to the diagnosis of human infectious diseases.
Much of the theoretical and applied research of NA hybridization technology concerns factors affecting the stringency of the interaction of the nucleic acid strands. Complementary single-stranded nucleic acid associates according to second-order kinetics, the major rate-determining parameter being the number of complementary sequences between the polymer strands [4] . The amount of non-homology that can be tolerated while still achieving association between the two strands under particular conditions is known as stringency. Stringency may be manipulated by varying the 425 temperature, the time, and the ionic strength of the milieu. High stringency implies a great deal of specificity between nucleic acid hybrids with large numbers of base pair matches; low stringency implies a relatively small number of base pair matches, yet enough to yield a double-stranded moiety.
For the diagnosis of human microbial diseases, NA hybridization reactions occurring at conditions requiring high stringency will detect closely related pathogens. Conditions that utilize low stringency, even with the same NA hybridization probe, can detect an entire genus or family of microorganisms. For example, a nucleic acid probe at high stringency conditions may detect only Herpes simplex virus type I, whereas at low stringency the entire genus of herpes virus may be detected [5] .
Recombinant nucleic acid technology is being used in three major ways. First, one can isolate specific DNA fragments from a complex mixture of DNA molecules and amplify them in milligram quantities; the diagnosis of infectious diseases falls in this category and will be considered in detail. Second, one can alter DNA molecules by inserting or deleting restriction endonuclease recognition sites; in effect, one can create new genes. Third, one can synthesize large amounts of peptides or proteins in bacteria or eukaryotic cells.
PROCEDURE FOR MAKING NA HYBRIDIZATION PROBES There are four essential steps in producing an NA hybridization probe [6] . A specific nucleic acid fragment from the microbial pathogen must first be isolated; this fragment must be specific to the organism under study. Second, the fragment has to be inserted into a vector, or vehicle; this vector must be one that can accept foreign DNA and replicate in a living cell; semi-synthetic plasmids have been developed for this purpose. Third, the vector must be introduced into a host organism with the host not only accepting the vector but replicating it when the host itself replicates. Fourth, one must screen large numbers of cells to capture the desired recombinant clone. Table 1 presents the essentials steps in the cloning protocols of both NA hybridization and monoclonal antibody technologies.
A finding that allowed the development of NA hybridization probes was the discovery of restriction endonucleases. Restriction endonucleases are enzymes that specifically cut nucleic acid sequences within the polymer molecule. Type I restriction endonucleases are complex proteins of two to eight subunits that require ATP, 
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N-adenosyl-L-methionene, and magnesium. These enzymes hydrolyze randomly. Type II restriction endonucleases are simple proteins that require only magnesium for function. These cut double-stranded nucleic acid polymers at defined points. Type II restriction endonucleases are the kind utilized in nucleic acid hybridization research [5] .
Restriction endonucleases are produced by microorganisms to eliminate foreign DNA from themselves. The host protects itself from its own restriction endonuclease by methylating the base pair target sequence [7] . There are now several hundred restriction endonucleases available from commercial sources. Examples of the commonly employed restriction endonucleases used for the diagnosis of infectious diseases and the specific sequences they attack are presented in Table 2 . Knowing the specificities of the enzymes, one may choose restriction endonucleases to yield nucleic acid fragments of known size distributions from the microbial pathogen. Practically, one grows the microbial pathogen in large numbers, removes its nucleic acid by a combination of physical (sonication) and chemical (detergents and alkali) means, and cuts the nucleic acid into small pieces with specific restriction endonucleases. The small pieces are separated from each other by electrophoresis on gel and column chromatography. The investigator chooses those pieces based on size distribution or other particular parameters for insertion into a cloning vector [5, 8] .
Bacterial DNA can be utilized directly in a nucleic acid hybridization probe assay. From viruses and eukaryotic pathogens, however, one must make complementary DNA (cDNA). RNA is generally cloned indirectly. RNA can be converted into DNA utilizing a reverse transcriptase enzyme from retroviruses. Utilizing the RNA as a template, single-stranded cDNA is produced. The RNA can be eliminated from cDNA in the mixture utilizing RNAse. A complementary second strand of DNA may be made to the cDNA, using DNA polymerase. This second strand of DNA is a DNA copy of the original RNA polymer. The double-stranded cDNA can then be utilized to produce NA hybridization probes. Table 3 presents the essential steps in the synthesis of complementary DNA [5] .
The field is at present in a state of flux concerning which type of nucleic acid to use as a probe target and which to use as the probe. Most work has been done with DNA hybridization, but a growing body of evidence indicates that for clinically useful tests RNA may be preferable. DNA has the major limitation in that a particular specific sequence may be present only once in a given cell. Ribosomal RNA or mRNA may have a sequence repeated many times in the cell. Theoretically, therefore, the sensitivity of an RNA method should be greater than a DNA hybridization method [8] .
Recently Brenner reported the ability to specifically detect Legionella, utilizing ribosomal RNA probes [Brenner DJ: Abstracts of the Annual Meeting of the American Society for Microbiology, 1985] . He found that probes to the ribosomal RNA of Legionella were not only specific but, because of the physical properties of ribosomal RNA, the hybridization procedure could take place within one hour. He utilized a commercially produced probe (Gen-probe, Irvine, CA).
Also in a state of flux is the means of selection of the fragments. Two possibilities have been investigated: cloning of all fragments from a pathogen ("shotgun cloning") and pre-selection. Shotgun cloning methods were first used and are still the most common. Many fragments of similar size distribution from the microbial pathogen are inserted into vectors. Each vector is cloned and amplified, and each clone must be tested for specific utility. Current research is directed at largely eliminating this tedious task by pre-selecting specific fragments from the restriction endonuclease digest before they are inserted into the cloning vectors. Most intensely being studied are affinity chromatography methods to pre-select desired fragment(s). The desired fragment(s) stick to the column while unwanted fragments pass through it. The proper fragment(s) are eluted from the column to be inserted into the vector.
The cloning vector is either a plasmid, bacteriophage, or a genetically engineered plasmid known as a cosmid. The nucleic acid must be inserted into a vector with both the vector and the nucleic acid retaining function. The vectors are extra-chromosomal and can be transferred to a host organism. Each time the host organism replicates once, the vector replicates at least once. Table 4 presents the common cloning vectors utilized for the construction of NA hybridization probes for the diagnosis of infectious diseases [5, 8] .
The nucleic acid fragment is inserted into the vector, utilizing specific restriction endonucleases. The vector contains single recognition sites for one or more restriction endonucleases. The common vectors have been genetically engineered and have been completely sequenced. Each vector has a particular selection marker so that there is a signal to detect if the insertion has been successful. A vector with both plasmid and microbial DNA is known as a chimera. For example, the vector plasmid pBR322 contains genes that confer resistance to the antibiotics ampicillin and tetracycline. If one chooses a restriction endonuclease that cuts the plasmid in the tetracycline resistance gene to insert the nucleic acid from the microbe here, tetracycline resistance is lost. Accordingly, once this plasmid is transferred to a host bacterium, successful insertions will be observed by resistance only to ampicillin. Unsuccessful insertions will be resistant to both ampicillin and tetracycline. Practically, one selects a restriction endonuclease to cut the particular vector in a specific spot. The nucleic acid is inserted into this sequence and the vector reassociated with a DNA ligase. The vector is then inserted into a receptive host.
The host ordinarily utilized to make NA hybridization probes for the diagnosis of infectious diseases is Escherichia coli, the most commonly utilized being E. coli K12. This Escherichia coli is sensitive to all commonly utilized antibiotics, accepts the vector efficiently, and replicates the vector at least once every time it multiplies. In the cloning protocol, the susceptible E. coli has available to it two vectors: a chimera with a successful insertion and a reannealed vector that did not accept a nucleic acid piece. The vectors are mixed in liquid growth medium with the host E. coli, with three possible outcomes: an E coli with no vector, an E. coli with a reannealed vector, and an E. coli with a chimeric vector. The mixture is spread over the surface of an agar medium to select only the E. coli with chimera. Colonies of transformed bacteria, each E. coli in the colony containing at least one copy of the chimeric plasmid, are grown in large numbers. The cells are harvested and the copies of the original microbial nucleic acid released, utilizing specific restriction endonucleases [5, 8] .
The cloned microbial DNA must be labeled to be utilized as a nucleic acid hybridization probe. Traditionally, labeling has occurred by a nick translation process [9, 10] . Single-stranded nicks are introduced into double-stranded DNA, utilizing DNAase I. These nicks are subsequently repaired, utilizing a DNA polymerase I in the presence of 32P-labeled deoxyribonucleotide triphosphates. Activity levels of 108 counts per minute per microgram of DNA can be obtained. Single-stranded DNA probes capable of detecting 0.1 picogram of target DNA result. The minimum sensitivity of an individual nucleic acid hybridization probe will depend on the size of the genomic target and the percentage of homology between the probe and the target.
Research is being conducted to eliminate radiolabeling by replacing 32p with a non-radioactive signal. The first non-radioactive signal to achieve widespread use was the synthesis of biotin-labeled analogues of deoxyuridine triphosphate and uridine triphosphate. Biotin was covalently linked to the C5 position of the pyrimidine ring through an allylamine linker arm [11] . It was found that the attachment of biotin to the nucleic acid did not affect the association properties. Linker arms of various lengths were employed to attach biotin to nucleic acid, the most useful being a length of approximately 11 units (see Fig. 1 ). Table 5 demonstrates the differences between radiometric and non-radiometric, biotin-labeled probes [12] . Nucleic acid hybridization probes labeled with biotin can be detected by either immunochemical or enzymatic methods. The strong avidity of biotin for avidin has been most successfully exploited. This protein has an avidity of Kd = I0-5, with four binding sites for biotin [ 13] . One or more of the avidin binding sites can be labeled with an enzyme such as horseradish peroxidase [14] or alkaline phosphatase [12] . If the biotin-labeled NA hybridization probe attaches to microbial nucleic acid, biotin will be available for reaction with avidin. If one adds avidin to which an enzyme has been attached, and subsequently a colorimetric substrate for the enzyme, the interaction of the probe with microbial nucleic acid can be directly visualized. The sensitivity of biotin-labeled NA hybridization probes has recently been increased significantly, utilizing polymerized alkaline phosphatase attached to avidin [ 15] .
Another strategy to detect the interaction of the NA hybridization probe with microbial nucleic acid polymer is the utilization of antibody specific to the nucleic acid complex. Although patients with systemic lupus erythematosus have anti-nuclear antibodies, the direct antibody detection of nucleic acid complexes has not proven efficacious. Recently a technique has been developed to label nucleic acid with a hapten [16] . Antibody to the hapten is used to detect the hybridization. Tchen et al. [17] found that guanine residues in nucleic acids could be labeled with N-acetoxy-N-2-acetylaminofluorene (AAF) and its 7-iodo (AAIF) derivatives (see Fig. 2 ). These TABLE 5 Labeling the Nucleic Acid Probe
Step Radiometric AAF or AAIF derivatives could be directly detected in an immunochemical sandwich-type assay. If the hapten-labeled probe attached to microbial nucleic acid, the hapten was exposed. Antibody labeled with a signal, such as an enzyme, fluorescent dye, and so on, bound to the hapten and yielded a positive test (see Fig. 3 ).
Recently, a procedure to produce large quantities of RNA hybridization probes, which are ten times more sensitive than DNA hybridization probes, was published [18, 19, 20] . The method utilized the RNA vector SP6. Chemically, DNA/RNA hybrids are more temperature-stable than DNA/DNA hybrids. Accordingly, RNA hybridization probes can be utilized under higher stringency conditions than those which permit DNA polymers from associating. Working under these different physico-chemical conditions permits the detection of smaller numbers of pathogens.
Other strategies to label nucleic acid have been explored but as yet have not proven clinically efficacious. Signal molecules have been introduced into nucleic acid, utilizing nucleotide analogues that function as substrates for nucleic acid polymerases [ 1 1,12] . Also, glycosylated T4 bacteriophage DNA, whose carbohydrate-modified nucleotides can act as natural signals, have been synthesized [21] .
The future research and development of NA hybridization probe analysis of microbial pathogens will be concentrated in exploiting colorimetric methods. Color has obvious advantages over radioactivity, not the least being it can be packaged for markets ranging from large laboratories to private, over-the-counter tests. Colorimetric methods are approaching the sensitivity of radiometric procedures [22] . The time required for color development has been significantly shortened in the last years, from 24 or more hours to same-day readability. By polymerizing the alkaline phosphatase attached to avidin, color could be measured within two hours [15, 23] . [17] ).
After the nucleic acid has been captured from the microbial pathogen, inserted into a vector, amplified in E. coli, and labeled, the last step in the diagnosis of an infectious disease using an NA probe is the assay itself. Current assays utilize solid support hybridization methods. By analogy to immunological techniques, these will be referred to as heterogeneous methodologies because several washing steps are required to remove bound from unbound reactants. Homogeneous techniques, in which the reaction occurs in a liquid medium without the requirement to separate the bound from the unbound, have not as yet been developed for NA hybridization.
There are four basic assay techniques in use. The most extensively studied is the dot, or dot-blot, hybridization technique. This method employs a nitrocellulose filter paper support. A sample from the patient containing the infectious microbe is disrupted to release its nucleic acid. The nucleic acid is bound in a spot on nitrocellulose by a combination of physical (heating) and chemical (salts, detergents) means. The labeled NA hybridization probe is added to the spot under particular stringency conditions. If there is complementary nucleic acid from the patient's sample, the labeled nucleic hybridization probe will be bound; if there is no complementary nucleic acid on the spot, the hybridization probe will not be bound and can be easily washed away. A substrate to the label on the NA hybridization probe is added and the reaction measured. If the label is 32P, the measurement involves the overnight development of photographic film. If the label is an enzyme, the measurement may be either by densitometry or by direct visualization [ 12] .
Varying the arm length of the biotin-labeled target, the concentration and types of signals, and the utilization of polymerized alkaline phosphatase, dot hybridization procedures can detect as little as 1-2 picograms of target sequence (refer to Table 6 ) [15, 22, 23] . The clinical utility of dot hybridization analysis has been demonstrated with hepatitis B virus [24, 25] , cytomegalovirus [26] , adenovirus [27] , and herpes virus [28] . Other viruses and microbial pathogens are currently under clinical investigation [8] . Of particular interest is the ability to elucidate viruses that cannot be cultured directly from clinical samples.
The clinical utiliy of dot hybridization has significantly progressed, especially in the ability to manipulate nucleic acids and eliminate contaminating proteins and other inhibiting substances from specimens. Traditionally, NaCl was utilized as part of the stringency conditions to fix DNA to nitrocellulose. It was found that RNA which lacked poly(A) did not bind to nitrocellulose. Subsequently it was discovered that changing the salt from NaCl to Nal allowed mRNA to fix specifically to nitrocellulose [29, 30] . Not only did mRNA bind, but DNA and many proteins did not stick to nitrocellulose. The NAI seemed to promot mRNA nitrocellulose interaction, solubilize the pathogenic cell, and did not promote the interaction of DNA with nitrocellulose. Adding or subtracting detergents such as brij-35 and DOC allowed one to affix selectively either DNA or mRNA to nitrocellulose [29, 30] .
Sandwich hybridization techniques are currently under development and have been utilized to detect virus from clinical specimens (Fig. 3) . This methodology involves the production of two non-complementary nucleic acid sequence reagents. These reagents are produced from adjacent sites on the microbial pathogen's genome. The first nucleic acid sequence is immobilized on to the solid nitrocellulose support and serves as a target sequence to interact with nucleic acid from the microbial pathogen. The second sequence is labeled and serves as the nucleic acid detector probe. Like dot hybridization, nucleic acid is first extracted from the clinical sample. The extracted nucleic acid [11] is mixed with the probe nucleic acid and hybridized against the target sequence, which has been bound to nitrocellulose paper. Particular stringency conditions are obeyed. If the microbial pathogen nucleic acid is complementary to both the probe reagent nucleic acid and the filter-bound nucleic acid, a sandwich will be formed and the complex detected by the addition of a developer to the probe label [31 ] . Utilizing this technique, as little as 8 x 10-18 mols (approximately 5 x 106 molecules) of DNA from adenovirus can be detected [32] . This level of detection is comparable to radioimmunoassay, and the time of detection, approximately 20 hours, is significantly less than the days required for viral culture.
In 1975 Southern described a method for analyzing specific DNA fragments from a complex mixture. This method has become standard to establish the specificity of nucleic acid sequences. After restriction endonuclease digestion, the mixture is separated by agarose gel electrophoresis. The DNA fragments are transferred by either blotting or electroelution to nitrocellulose paper. Nucleic acid hybridization probes are added to the nitrocellulose paper to establish identity. The [33, 34] .
In situ hybridization will most likely find its greatest applicability in the research environment. It is too labor-intensive and yields too little quantitative information for clinical utility.
CLINICAL UTILITY OF NUCLEIC ACID HYBRIDIZATION PROBES
From the first description of type II restriction endonucleases in 1975 until the early 1 980s, the clinical utility of NA hybridization probes was in the developmental stages. Within the last three years, methods have been developed to translate the basic research to tests which can be utilized in the clinical laboratory. The technology is rapidly developing with any given procedure and limits of detection likely to become rapidly historical.
In 1982 Chou and Merrigan reported the detection and quantitation of cytomegalovirus from human urine specimens, utilizing DNA hybridization with 32p [26] . They were able to detect as few as 1IO viruses per milliliter of urine. Ward and his associates were able to detect herpes simplex virus directly from clinical lesions, utilizing a dot-blot hybridization technique [22] . Torres et al. [66] have detected 105 Haemophilus influenzae from cerebrospinal fluids, utilizing 32P-labeled DNA hybridization probes. Redfield et al. [35] quantitated herpes virus from human lesions. Autoradiographs of the hybridization of32P-labeled nucleic acid hybridization probes of a typical assay are presented in Fig. 4 . DNA was extracted by centrifugation at 10,000 g followed by the addition of 0.3 M sodium hydroxide, heating for one hour at 600C, and the addition of 2 M ammonium acetate. The specimens were dotted on to nitrocellulose paper. The nitrocellulose blots were air-dried and baked for two hours at 800C before hybridization. The probe was a DNA BAMH1 restriction endonuclease fragment with a molecular weight of approximately 7 x 106. It was cloned in plasmid pRBl 31. Their technique had a sensitivity of 78 percent and a specificity of 100 percent compared to standard viral culture. No hybridization was observed with related viruses. [64, 65] There are no currently available commercial kits to diagnose infectious diseases by NA hybridization, although intense effort is under way to produce them. Table 7 presents hybridization assays that have been utilized to diagnose infectious diseases from clinical specimens under field conditions [8, 26, 28, 57, 58, 59, 60, 61, 62, 63, 64, 65] .
The major hurdle to overcome before NA hybridization is available to the clinical laboratory is the translation of the basic, one-test-at-a-time research into procedures capable of being performed in large numbers with minimal human interpretation. In order for the nucleic acid hybridization techniques to be clinically useful, several modifications from published procedures must occur. First, 32p must be replaced with a colorimetric system; the colorimetric developer must be rapid enough to ascertain positivity within two to four hours. Second, the nucleic acid hybridization probe must have a sensitivity of IO0 organisms/ml; currently, the limit of detection is approximately 1 05/ml. Third, the hybridization probe, whether DNA or RNA, must be broad enough to detect all members of a given species; for example, the hybridization probe mixture used by Chou and Merrigan [26] to detect cytomegalovirus contained probes against seven different strains of this virus. Fourth, probes must be developed to detect resistance to antibiotics; one must learn both the name of the pathogen and which drugs are active against it. Fifth, homogeneous assays must be developed to replace currently employed heterogeneous technologies; homogeneous assays are much less costly and labor-intensive. Sixth, because a single probe can detect only one parameter, instruments must be developed to automate the very large number of procedures that must be performed on each clinical specimen. If, for example, one wishes to examine cerebrospinal fluid, one would have to test probes for a large number of bacteria, viruses, and yeasts plus many antibiotic resistance factors; this large battery of tests virtually precludes manual performance.
MONOCLONAL ANTIBODIES It is beyond the scope of this paper to present in detail the manner by which monoclonal antibodies are produced [41] . Table 1 presents the essential steps in monoclonal antibody production and compares them with the parallel steps used to produce NA hybridization probes. The reader is referred to the review by Engleberg and Eisenstein [8] for further details.
Although the technology to produce in large amounts monoclonal antibodies against selected antigens dates from the mid-1970s, immunochemistry as a science dates to the 1 930s. By the time means to make monoclonal antibody was discovered, the knowledge to purify and produce antibody-based laboratory kits was well established. Accordingly, while there is still much to be learned about the translation of research data to clinical applicability, monoclonal antibody technology is in a significantly more advanced state than NA hybridization. Commercial kits utilizing monoclonal antibodies for the diagnosis of infectious diseases became available in 1983 [42] .
Analogous to NA hybridization, both the strength and the weakness of monoclonal antibody technology lie in its extreme specificity. A monoclonal antibody against an epitope in a highly variable portion of a pathogen's surface, like hybridization done under extreme stringency conditions, will not likely recognize related members of the same species. Therefore, both technologies can require multiple monoclonal clones to detect a particular species of pathogen [43] .
A second limitation of monoclonal antibody technology lies in the reactivity of the antibody itself. The combination of antigen with antibody is a primary reaction, which we do not directly measure. We assay a secondary product of this interaction such as precipitation, agglutination, and the like. It has been found that the avidity constants of monoclonal antibodies to epitopes are of a relatively low order of magnitude, thus limiting the types of detection systems one may employ. In the same vein, a particular monoclonal antibody may react well in one secondary system, such as a radioimmunoassay, but not at all in another system, such as complement fixation. techniques, the body fluid is mixed with a suspension of the antibody-coated particles and, if antigen is present, agglutination occurs in minutes. The reactions are read manually. Clinical studies utilizing particle agglutination technology have recently been published and appear to be between five and ten times more sensitive than counterimmunoelectrophoresis methods. Counterimmunoelectrophoresis, which has been well studied with many bacterial pathogens for a decade, can detect between 104 and 1O' bacteria/ml (refer to Table 8 ) [42] .
Particle agglutination technology is not amenable to automation and is laborintensive. Furthermore, the large battery of individual procedures required by monoclonal antibody technology limit its usefulness in the routine clinical laboratory. Accordingly, the research thrust has been to develop instrumented homogeneous enzyme immunoassay tests. Enzyme immunoassays for Haemophilus influenzae type b have been developed and can detect 1 ng/ml of the polyribophosphate antigen [44, 45, 46, 47] . ELISA procedures have also been described for other agents of meningitis, including Streptococcus pneumoniae, Neisseria meningitidis, and group B Streptococcus [48, 49, 50, 51] . These assays are in development. Like NA hybridization, workers are experimenting to automate the large number of individual procedures that must be performed on a clinical specimen by monoclonal antibody technology.
Enzyme labels useful for monoclonal antibodies are also useful in the secondary detection systems and automated instruments for NA hybridization. Because the time and intensity of color development is currently the rate-limiting step for both technologies, a large number of enzymes and physico-chemical conditions have been studied. Table 9 presents those enzymes showing the most promise with the conditions under which they are optimally active and the means by which they are detected [52] .
The clinical utility of monoclonal antibodies in infectious diseases has centered in five major areas. First, and of most immediate clinical utility, is the identification of specific antigens for diagnostic purposes. A major limitation of monoclonal antibody technology is its inability to recognize antibiotic resistance. Second has been the elucidation of specific antigens to establish if two organisms are the same or different. This application for grouping has been most actively pursued in the field of epidemiology. Third, considerable work has been done on the mechanisms whereby microbial surface structures play roles in virulence. Monoclonal antibodies may be useful in treating a variety of infections and microbial toxicoses [53] . Fourth, monoclonal antibodies have proven useful in studying the transport of materials into and out of cells. The clinical utility of monoclonal antibodies in diagnosis has thus far not significantly displaced polyclonal tests. Monoclonal antibody tests are commercially available for the direct detection of group A Streptococcus from throat cultures and chlamydia from urethritis. Monoclonals have also been utilized to aid in the identification of microorganisms after they have been grown in vitro. Monoclonals have proven more useful than polyclonals for this purpose, particularly for Neisseria gonorrhoeae, Legionella, chlamydia [8] , and herpes [54] .
COMPARISON OF NUCLEIC ACID HYBRIDIZATION AND MONOCLONAL ANTIBODY TECHNOLOGIES FOR THE DIAGNOSIS OF INFECTIOUS DISEASES
There are no published studies directly comparing a monoclonal antibody and an NA hybridization technique for the diagnosis of the same pathogen in a clinical setting. As mentioned above, polyclonal antibody systems have been utilized to detect pathogens directly from body fluids since the early 1970s. These characteristics are well established [42, 55, 56] . Monoclonal tests will certainly be at least as sensitive as polyclonal systems. It is too early to predict the sensitivities and specificities of NA hybridization tests when they reach the clinical laboratory. Therefore, monoclonal antibody and nucleic acid hybridization technologies are in unequal states of development. One should expect much greater change in nucleic acid hybridization technology compared with monoclonal antibody techniques. The primary research and development of detection systems for monoclonals lie in the production of simple instruments with appropriate enzyme labels for measuring reactivity. NA hybridization has much further to go. For example, it has not yet been decided which nucleic acid to choose to analyze. Furthermore, the system for releasing nucleic acid from the infecting microbe is not yet satisfactory. Before instrumentation can be developed, these major obstacles must be overcome.
A barrier impeding the rapid development of NA hybridization procedures that did not exist in the early 1970s for the development of immunochemical methodologies is the paucity of published information. The majority of work in the NA hybridization field is proprietary and is not being published. It may be that many of the above-mentioned problems have been solved, perhaps solved several times in different places, but are not available to the independent scientist. Progress will be hindered by this lack of public information. The intermediate steps necessary before a final product is generated will have to be discovered, analyzed, and overcome in multiple individual settings. This massive redundancy of scientific investigation is unprecedented.
The technology presented to the clinical laboratory for NA hybridization diagnosis will probably use a combination of nucleic acid probes and monoclonal antibodies. DNA can be labeled with a hapten, following the work of Ward et al. and Tchen et al., to produce the hybridization probe. The probe itself, after reacting with the pathogen's nucleic acid, can be detected by monoclonal antibody directed to the hapten. Attached to the monoclonal antibody would be an enzyme label, which could be detected in a homogeneous system with inexpensive instrumentation. The procedure, analogous to the standard microtiter tray antibody assays, would be performed in small wells, reducing the cost and quantities of reagents. Each well would detect one genetic element. For each specimen the wells could be inoculated, incubated, and read by the instrument.
The clinical laboratory's choice to use either NA hybridization or monoclonal antibody will not be an either/or one. Some microbial pathogens will probably be more amenable to diagnosis by one technology than the other. The technology that can provide the greatest amount of clinically useful information with the fewest procedures or individual analyses required should achieve primacy.
